We report the identification and cloning of an ntrA-like (glnF rpoN) gene of Rhizobium meliloti and show that the R. meliloi ntrA product (NtrA) is required for C4-dicarboxylate transport as well as for nitrate assimilation and symbiotic nitrogen fixation. DNA sequence analysis showed that R. meliloti NtrA is 38% homologous with KkebsieUla pneumoniae NtrA. Subcloning and complementation analysis suggested that the R. melUoti ntrA promoter lies within 125 base pairs of the initiation codon and may be constitutively expressed.
In the enteric bacteria Escherichia coli, Klebsiella pneumoniae, and Salmonella typhimurium, the products of the three genes ntrA (glnF rpoN), ntrB (glnL), and ntrC (glnG) regulate the transcriptional activation of several operons involved in the assimilation of poor nitrogen sources (22, 24) . The products of ntrB (NtrB) and ntrC (NtrC) are bifunctional regulatory proteins that act in concert to effect transcriptional repression or activation (22, 23, 24) . The functional state of NtrB is modulated by the products of the glnB and ginD genes in response to the intracellular glutamine to 2-ketoglutarate ratio (3) . Depending on its state, NtrB is able to switch NtrC between repressor and activator forms by phosphorylating or dephosphorylating it (31) . NtrB, in its C-terminal domain, and NtrC, in its N-terminal domain, share homology with a variety of two-component bacterial regulatory systems that may therefore share the same mode of signal transduction (11, 32) .
The requirement for the ntrA product (NtrA) for transcriptional activation by NtrC has recently been explained by the demonstration that NtrA is a sigma factor which is required to confer specificity on core RNA polymerase for NtrAspecific promoter sequences (17, 19) . Promoters activated by NtrC-NtrA do not contain canonical -35 and -10 sequences but instead have the consensus -26 CTGGYAYR-N4-TTGCA-10 (16). NtrA is able to bind to core RNA polymerase, and transcription from the NtrC-regulated promoter glnAp2 can be activated in vitro by highly purified core enzyme together with NtrA and NtrC (17, 19) . Based on these observations, it has been proposed that ntrA (glnF) be renamed rpoN (19) .
The regulation of the ntrA gene has been studied in K.
pneumoniae (7, 28) and E. coli (5) . In each case constitutive expression of the ntrA promoter that was independent of the nitrogen source was observed, suggesting that the cells always contain a subpopulation of core RNA polymerase bound with NtrA. The ntrA gene from K. pneumoniae has been sequenced, and a potential constitutive promoter was identified (27) on the basis of homology with the canonical E. coli promoter (-35 TTGACA-N17-TATAAT-10). In K. pneumoniae the nitrogen fixation regulatory operon nifLA is one of the operons that is activated by NtrC-NtrA (for a review, see reference 16). Like NtrC, the nifA product (NifA) is a transcriptional activator which requires the concerted action of NtrA for the expression of the other six nif operons (16) . NifA and NtrC share strong homology in their central and C-terminal domains (4, 11) , and NifAactivated promoters have a similar consensus with NtrCactivated promoters (16) .
Homologs of the enteric ntrC and nifA genes have been identified in the symbiotic diazotroph Rhizobium meliloti (44, 45) , and homologs of nifA have been identified in several other Rhizobium and Bradyrhizobium species as well (for a review see reference 16) . In R. meliloti NtrC is required for the utilization of nitrate as a nitrogen source and the activation of the nijH gene in free-living culture in response to nitrogen limitation (44) , while NifA is required for the activation of nifgenes, including niJH, in the symbiotic state (45) . In contrast to K. pneumoniae, R. meliloti NtrC is not required for the activation of the nifA gene (44) . The R. meliloti NtrC and NifA proteins (4, 44) and the promoters that they activate (2, 43) show strong homology with their enteric counterparts, suggesting that R. meliloti also contains an ntrA gene. Such a gene has not been identified, however, despite extensive searches based on hybridization to the K. pneumoniae ntrA gene and complementation of E. coli ntrA mutants (32a) . Recently, homologs of ntrC and nifA have also been found in Rhizobium sp. strain ORS571, the stem-nodulating symbiont of Sesbania rostrata (32a) .
In a recent study of the genetic regulation of C4-dicarboxylate transport in Rhizobium leguminosarum (36; C. W. Ronson, P. M. Astwood, B. T. Nixon, and F. M. Ausubel, manuscript in preparation), we observed that dctA, a structural gene required for the transport of succinate, fumarate, and malate, contains an NtrA-like promoter sequence. We also identified two positive regulatory genes, dctB and dctD, that are required for activation of dctA transcription. Interestingly, the C terminus of the dctB gene product (DctB) is homologous with the C terminus of NtrB, and the N terminus of the dctD product (DctD) is homologous with the N terminus of NtrC. Furthermore, DctD also (1). This procedure yielded about 1.5 kilobases (kb) of sequence from the EcoRI and BamHI ends. To sequence the remainder of the 3.5-kb BamHI-EcoRI fragment, the replicative forms of the M13 phage containing the largest deletion in each direction were purified, and the Bal 31 procedure was repeated (33) . The final sequence was completely double stranded.
To determine the sequence from the site of the TnS insertion in R. meliloti 1681, genomic DNA from strain 1681 was digested with EcoRI, ligated to EcoRI-cleaved pUC8, and transformed into MC1061 with selection for ampicillin plus kanamycim resistance. The resultant plasmnid containing TnS arid flanking genomic DNA was cleaved with BamHI or EcoRI-BamHI, and the frgrnents containing the arms of TnS and flanking Rhizobium DNA were cloned into M13 mpl8 in the appropriate orientation for sequence determination from the ends of TnS by using a TnS-specific primer (40) . The TnS-specific primer 3'-GTTCATCGCAGGACTTG-5' was synthesized in the laboratory of J. Smith, Department of Molecular Biology, Massachusetts General Hospital.
Computer analysis. DNA sequences were compiled by using the DBAUTO and DBUTIL programs (42) and were analyzed by using programs from the University of Wisconsin, Madison (8) . Pair-wise comparisons between proteins were made with the National Biomedical Research Foundation ALIGN or RELATE programs (6) by using the mutation data matrix and a gap penalty of 16. The (standard deviation) scores given represent the number of standard deviations separating the maximum score of the real sequences from the mean of the maximum scores of 100 random permutations of the two sequences (6) . RESULTS Selection of R. meliloti ntrA mutants. We designed a selective scheme to isolate R. meliloti ntrA mutants based on the hypothesis that ntrA mutants would be unable to activate dctA expression. To monitor dctA expression in R. meliloti, we used an in-frame dctA-lacZ fusion that was present on pCR63, a broad-host-range plasmid that contains the entire det regulon from R. leguminosarum. The leguminosarum dctA-lacZ fusion was activated to approximately the same extent in response to succinate in both R. leguminosarum and R. meliloti (data not shown). Furthermore, R. meliloti 1021 containing pCR63 formed white colonies on defined medium containing 5-bromo-4-chloro-3-indolyl P-Dgalactopyranoside (X-gal) with glucose as the sole carbon source and blue colonies on defined medium containing X-gal with glucose plus succinate as carbon sources.
Plasmid pCR63 was conjugated from E. coli MM294 into a culture of R. meliloti 1021 which was mutagenized earlier with transposon TnS (see above), and transconjugants were plated on defined medium containing X-gal, glucose, succinate, streptomycin, and neomycin. Because the dct regulatory genes dctB and dctD are present on pCR63, we reasoned that any mutant of R. meliloti 1021 that contained pCR63 and formed white colonies when plated on medium containing X-gal, glucose, and succinate should be mutated in the R. meliloti ntrA gene. Three white colonies were observed among approximately 5,000 colonies that were screened; these colonies were purified on the same medium. Before further physiological studies were done, the three mutant strains were cured of pCR63. Because we observed that plasmids which are stable in free-living cells are frequently lost from strains which are recovered from root nodules, the mutant strains carrying pCR63 were inoculated onto alfalfa plants, and the bacteria isolated from the resultant nodules were screened for tetracycline-sensitive colonies. Tetracycline-sensitive derivatives were obtained at a frequency of 40% and one tetracycline-sensitive derivative of each of the three mutants R. meliloti 1680 (ntrAI::Tn5), R. meliloti 1681 (ntrA2::TnS), and R. meliloti 1682 (ntrA5::TnS) was saved. In subsequent studies the three mutants were found to display identical phenotypes; and hence, in some cases results from only one, R. meliloti 1681 (ntrA2::Tn5), are reported here.
Phenotypic properties of putative ntrA mutant and revertant strains. Because K. pneumoniae NtrA works in concert with NtrC and NifA to activate genes involved in nitrogen assimilation and nitrogen fixation, respectively, we assayed the presumptive ntrA mutant strains 1680, 1681, and 1682 for NtrC-and NifA-phenotypes. We also assayed the mutants for DctD-phenotypes ( Table 2) .
As expected from the results obtained on succinateglucose-X-gal plates, the dctA-lacZ fusion carried on plasmid pCR63 was not activated in strain 1681 when the strain was unable to grow on succinate as the sole carbon source (Table 2) .
R. meliloti ntrC::TnS mutants are unable to grow on 0.5 mM potassium nitrate as the nitrogen source (44) . When R. meliloti 1681 (ntrA2::TnS) and R. meliloti 5002 (ntrC::TnS)
were cultured with potassium nitrate as the sole nitrogen source, strain 1681 was completely unable to grow on concentrations from 0.5 to 5.0 mM, whereas strain 5002 was unable to grow on 0.5 mM KNO3 but grew slowly on 2 and 5 mM KNO3.
R. meliloti ntrC::TnS mutants elicit Fix' nodules which reduce acetylene at wild-type levels, whereas nifA::TnS mutants elicit Fix-nodules (44, 45 (Fig. 1) , including a central one of 1,602 bp (Fig. 2) , the product of which had extensive homology with the K. Fig. 1 ). Nucleotides are numbered from the first base of the BamHI site (data not shown). Possible ribosome-binding sites are indicated with asterisks. The termination codon of ORF1 (see Fig. 1 ) and an in-frame ATG codon upstream of ORF3 are underlined. The position of the TnS insertion in strain 1681 (ntrA2::TnS) is indicated by a vertical arrow. pneumoniae ntrA gene product (51.24 SD units by ALIGN analysis; Fig. 3 ), including 38% amino acid identity.
G M T C C C a C C Q C C a T C C~~~ÃC C CGMTCCMTMOCMI §| §-
The start codon of the R. meliloti ntrA gene was provisionally assigned by comparison with the K. pneumoniae ntrA gene. The TnS insertions in R. meliloti 1680 (ntrAl::TnS; position determined by restriction site mapping) and R. meliloti 1681 (ntrA2::TnS; position determined by sequence analysis) mapped within the gene ( Fig. 1 and 2) . The R. meliloti ntrA product was slightly larger than the K. pneumoniae ntrA product (524 versus 478 amino acids), but the products shared homology throughout their length and had similar amino acid compositions.
The R. meliloti ntrA gene was preceded by an ORF that terminated 176 bp before the initiation codon of ntrA ( Fig. 1 ; data not shown). Although the 176-bp region between ORFi and ntrA (Fig. 2) -independent transcriptional terminators, complementation data (see below) suggest that ORF1 is probably not part of an ntrA operon. Nevertheless, we have observed a similar ORF upstream of the K. pneumoniae ntrA gene (unpublished data). The sequence of ORF1 and the phenotypes of strains containing ORF1 mutations will be published elsewhere. The R. meliloti 3.5-kb BamHI-EcoRI fragment also contained a third ORF (ORF3; Fig. 1 ) that was initiated downstream of ntrA and that continued through the EcoRI site. Two possible initiator ATG codons, one 98 bp and the other 251 bp downstream of the R. meliloti ntrA termination codon, could be identified; but only the latter was preceded by a potential ribosome-binding site (GAGGA) (Fig. 2) . Merrick and Gibbins (27) (27) . The alignment was determined by using the program ALIGN, as described in the text. mine whether the R. meliloti ntrA gene is part of an operon containing ORF1, various DNA fragments that contained ntrA with or without ORF1 were tested for their ability to complement strain 1681 (ntrA2::TnS). To isolate such fragments, we took advantage of the nested deletions that were constructed for sequence determination. The replicative forms of M13 phage containing the deleted fragments were purified, and the fragments were excised with HindIll. (Each replicative form plasmid contained an HindIII site from the M13 mpl8 polylinker 5' of the fragment, and the HindIII site within the fragment 3' of the ntrA gene.) The HindIII fragments were then cloned in each orientation into pWBSA, a low-copy-number plasmid derived from pRK290 (Table 1) , and pSUP106, a moderate-copy-number plasmid derived from RSF1010 (35) , and the ability of the resultant plasmids to complement the succinate-negative and nitrate-negative phenotypes of strain 1681 was determined.
The four fragments (Fl to F4) that were used are shown in Fig. 1 ; only the smallest fragment, F4, which was deleted within the ntrA gene, was unable to complement strain 1681. The next smallest fragment, F3, which contained none of the upstream gene and only 125 bp preceding the ntrA gene, complemented strain 1681 to wild-type growth rates. To eliminate the possibility that the observed complementation was due to readthrough from vector promoters that have not been described previously, the omega fragment which carries strong transcriptional stop signals at each end (13, 34) was inserted as a BamHI fragment at the vector-insert junction upstream of ntrA in a pWBSA-based plasmid carrying F3 and in pSUP106-based plasmids carrying F3 in each orientation. The ability of the plasmids to complement strain 1681 was unaffected in each case.
R. meliloti ntrA is constitutively expressed. The fragments in pSUP106 were cloned into the HindIII site within the tet gene, which is derived from pACYC184 (35) . Insertion of a DNA fragment in this site disrupts the promoter of the tet gene but leaves the coding sequence intact (25) . Therefore, a promoter within the inserted fragment that reads through into the tet gene can cause expression of tetracycline resistance. E. coli MM294 derivatives containing pSUP106 with Fl, F2, F3, or F4 in either orientation were found to be tetracycline sensitive; however, R. meliloti 1681 derivatives containing pSUP106 with Fl, F2, or F3 in the orientation such that ntrA was transcribed in the same direction as tet were tetracycline resistant, even when cultured on LB medium. The pSUP106 derivative containing the omega fragment upstream of F3 also conferred tetracycline resistance. Examination of the nucleotide sequences of the tet gene (25) indicates that ORF3 is terminated immediately after the HindIIl site in these constructions (sequence was in frame with AAG CTT TAA). R. meliloti strains containing pSUP106 with F4 in either orientation or Fl, F2, or F3 in the orientation such that ntrA was transcribed in the opposite direction to that of tet were tetracycline sensitive. These results suggest that the R. meliloti ntrA promoter is not expressed in E. coli but is constitutively expressed in R. meliloti and reads through ORF3.
DISCUSSION
We demonstrated that R. meliloti contains an ntrA-like gene, the product of which is required for at least three physiological processes: (i) growth on potassium nitrate as the sole nitrogen source, (ii) the activation of nif operons in the symbiotic state, and (iii) the activation of the C4-dicarboxylate transport gene dctA in response to C4-VOL. 169, 1987 dicarboxylates. In each case, R. (17, 19) . These observations suggest that the presence of the NtrA-consensus promoter sequence is diagnostic of an operon that requires NtrA for activation and that the presence of the conserved central domain in a regulatory protein is predictive of a system that requires NtrA as a coactivator.
The ntrA gene was initially identified on the basis of its role in the activation of nitrogen-regulated operons (15 Results of comparisons of nucleotide sequences surrounding the ntrA gene in R. meliloti (Fig. 2) and K. pneumoniae (27) suggest that genes that are transcribed in the same direction and possibly in the same operon as ntrA are present upstream (ORF1) and downstream (ORF3) of the ntrA gene in both species ( Fig. 1 and 2 ; unpublished data). DNA fragments containing only the R. meliloti ntrA gene, however, were able to complement the R. meliloti ntrA mutants, suggesting that the ntrA promoter lies within 125 bp of the initiation codon of the ntrA gene. Nevertheless, our data do not exclude the possibility that transcription through ORF1 reads through ntrA, and the strong conservation in sequence and location of ORF1 between R. meliloti and K. pneumoniae suggests that ORF1 may play a role in ntrA product function. Furthermore, our data suggest that transcription from the ntrA promoter reads through ORF3. We are currently mapping the transcriptional initiation and termination sites in the ntrA region and isolating mutants in ORF1 and ORF3 in an attempt to determine their function.
